When macrophages are cultured under cyclic strain, they align parallel to the direction of strain, in contrast to the perpendicular alignment reported for other types of cells. However, the time at which their orientation starts and the influence of fluid shear stress acting on cells during cyclic stretching have not been identified. In the present study, murine peritoneal macrophages were attached to silicone membranes and cultured up to 8 hours under cyclic uniaxial stretch of 10% amplitude and 1 Hz frequency. Cell morphology was observed and the angle of orientation of spindle-shaped cells (spindle cells) was determined. Distributions of actins in macrophages were also examined after the application of cyclic strain. Percentage of spindle cells increased with culture period, and the cells were getting longer with time. After around 2 hours, spindle cells started to align parallel to the direction of strain. At 8 hours, 53% of spindle cells were aligned within the angle of 20 degrees to the direction of strain. Prior to the orientation of cell bodies, accumulation of actin filaments was observed in the peripheral area of cells in the direction parallel to the strain direction. When the silicone membranes were moved back-and-forth in culture medium without stretching for 8 hours, macrophages did not show preferential orientation. These results suggest that macrophages actively align parallel to the direction of strain and start to orient around 2 hours after the initiation of cyclic strain.
Introduction
Macrophages are mononuclear phagocytic cells residing in various connective tissues, and play important roles in host defense system and inflammatory responses. They phagocytize such foreign particles as microbes and debris of biomaterials, macromolecules, and even dead tissues and cells as a scavenger. Besides the phagocytosis, they have important functions, including the production of cytokines and growth factors for various types of cells, the secretion of enzymes, reactive oxygen species, and prostaglandins, and cytolysis of tumor cells (1) . These functions are influenced by a variety of stimuli including cytokines (2) , the interaction with microbes (1) and biomaterials (3) , and cyclic stretching (4) - (9) .
When macrophages are cultured on elastic membrane and subjected to cyclic strain, they change morphology (5) , (9) , (10) and functions (4) - (9) . It is known that macrophages differentiated from monocytes in the arterial intima play important roles in the initiation and progression of atherosclerosis (11) , while pulmonary macrophages are known to play a key role in a variety of lung diseases (12) . Macrophages in arterial walls and lung tissues are always subjected to cyclic strain developed by pulsatile blood pressure and respiration, respectively. In addition, foreign bodies such as implant materials, microdevices and microcarriers for drug delivery interact with macrophages within tissues. Macrophages could be activated by the materials and induce inflammations (3) , while materials could be phagocytized or damaged by macrophages in some cases. Every living tissue is more or less subjected to fluctuating strain caused by blood circulation and movement of organs and body. Therefore, it is very important to understand the biomechanical response of macrophages to cyclic strain. Most connective tissue cells are aligned away from the direction of strain, when they are cultured under cyclically strained condition (13) - (18) . Prior to the alignment of cell bodies, actin stress fibers are reorganized and realigned away from the direction of strain, and this phenomenon is considered to be closely related to the subsequent orientation of cells (14) , (19) . In contrast, it is reported that macrophages aligned parallel to the direction of strain (9) , (10) .
Matsumoto et al. (10) reported that rat peritoneal macrophages and U937 cells, monocyte-like cell line, aligned with the direction of strain in response to cyclic uniaxial stretch (10%, 1 Hz) within 24 hours. Matheson et al. (9) also observed similar orientation response of U937 cells in response to the application of cyclic strain of 10% at 0.25 Hz for 48 hours. However, the reason of this difference between macrophages and other types of cells is unclear, and the time at which orientation of macrophages starts, change in actin filaments, and whether the influence of fluid shear stress caused by cyclic stretching in culture medium is involved in the orientational response have not been identified. In the present study, murine peritoneal macrophages were cultured under cyclic uniaxial stretch of 10% amplitude and 1 Hz frequency for up to 8 hours, and changes in their orientation and intracellular actin distribution were determined.
Materials and methods

Preparation of cells
Peritoneal macrophages were obtained from 6-week old female C57BL/6J mice (SPF animals). Briefly, 1 ml of 3% thioglycollate solution was injected into the peritoneal cavity of mice. After 4 days, 5 ml of Ca 2+ -and Mg 2+ -free Hanks' balanced salt solution (HBSS (-)) at 4˚C was injected into the peritoneal cavity, and peritoneal cells were suspended by lavage of the cavity. The cell suspension was harvested and cells were washed in HBSS(-). Then, cells were suspended in RPMI-1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum (FCS, HyClone, UT), 100 U/ml penicillin, and 100 µg/ml streptomycin at the concentration of 2 x 10 5 cells/ml.
All animal experiments were conducted under the Guideline for Animal Experiments, Graduate School of Engineering Science, Osaka University.
Application of cyclic strain
Silicone rubber sheets were used as a substrate for the cyclic stretching. A rectangular silicone rubber frame (10 x 50 x 0.5 mm; size of window, 6 x 30 mm) was glued to a thin silicone rubber membrane (10 x 50 x 0.05 mm). When 10% of tensile strain was applied to thus made trough-shaped sheet in the longitudinal direction, compressive strain of approximately 2% was generated in the transverse direction. Prior to cell seeding, the silicone sheets were treated with 10N sulfuric acid for 1 hour to make their surface hydrophilic. After being washed with sterile distilled water, these sheets were placed in a tissue culture dish. Twenty ml of the cell suspension (2 x 10 5 cells/ml) was put into the dish, and incubated at 37˚C in a humidified 5% CO 2 incubator for 2 hours (preincubation) to attach cells to the sheet surface. After removal of culture medium, these sheets were washed three times with HBSS of 37˚C to remove non-adherent cells. Then, macrophages adhered to the sheets were divided into four groups: strained (S), non-strained (NS), reciprocated (R), and control (C) groups. The cells of the strained and reciprocated groups were cultured using an apparatus for the application of cyclic strain to cells attached to silicone sheets (Fig. 1) . Both ends of each sheet for the strained group were gripped with acrylic blocks; the initial distance between the grips was set at 30 mm. One of the grips was fixed to a culture chamber placed inside a culture bath, and the other one was attached to a stainless-steel shaft driven by a linear actuator (CM410-5C, Oriental Motor, Tokyo, Japan) ( Fig. 1 (b) ). The temperature inside the culture bath was kept at 37˚C by the circulation of heated water. The pH of the culture medium was maintained at 7.4 with a gas mixture of 5% CO 2 and 95% air supplied into the culture chamber. The cells of the strained group were cultured for 1, 2, 3, 4, and 8 hours (S-1h, S-2h, S-3h, S-4h, and S-8h, respectively) under cyclic strain of 10% amplitude at 1 Hz frequency. With this type of culture system, fluid shear stress caused by the movement of the grip and sheet in the culture medium was also applied to the cells. To assess the influence of the shear stress on the orientation of cells, the sheet for the reciprocated group was gripped at only one end, and the grip was attached to the shaft ( Fig. 1 (b) ). The sheet of this group was not stretched but moved back-and-forth in the culture medium for 8 hours (R-8h) at the stroke and frequency of 3 mm and 1 Hz, respectively. The cells of non-strained group were statically cultured in the CO 2 incubator at 37˚C for the same periods as strained group (NS-1h, NS-2h, NS-4h, and NS-8h). The cells of the control group were not cultured after 2-hour preincubation. Cells in all groups were cultured in RPMI-1640 medium. The lids of culture bath and each culture chamber were omitted in this figure.
Morphological studies
After the termination of the culture, each sheet was immediately attached to a slide glass and the macrophages on the sheets were stained with May Grünwald Giemsa method for the morphological observation of cells. Cultured macrophages could be divided into four categories from their morphology: round, spindle, stellate, and vacuolized cells (5) , (6), (10) . The round cells were relatively small spherical cells with no remarkable deformation; they were considered to be non-activated cells. Immediately after seeding, almost all cells belonged to this category. Macrophages in other three categories were activated and highly differentiated cells. Spread cells having multiple processes were classified as the stellate cells. Large and extremely spread round cells were called as vacuolized cells. In the present study, we focused on the spindle cells which were defined as elongated and spindle-shaped cells.
All measurements were performed within three rectangular measurement areas (0.92 mm x 0.92 mm each) at the center of the sheet and the positions 10 mm away from the center in the direction of stretch using an inverted microscope (IMT-2, Olympus, Tokyo) with 40X objective lens and an image analyzer (VM-60, Olympus). The perimeter and cell adhesion area were measured for each cell except for cells in R group. The shape index (SI) of each cell was calculated from Eq. (1):
(1) where A and P are the adhesion area and perimeter of a cell, respectively. The shape index is 1.0 for the circle and zero for the line. The angle of orientation, which is the angle between the direction of stretch and the major axis of the cell, was determined for each spindle cell. The direction of major axis of spindle cell was defined as the direction to which major part of the cell was oriented. The distribution of cell orientation was determined from the alignment of individual cells; number of the cells oriented within each 10˚ interval was counted and divided by the total number of spindle cells to calculate the percentage for each interval.
Fluorescent microscopy
Actin filaments in macrophages cultured for 0 (control), 1, 2, and 3 hours under strained condition were observed with confocal laser scanning microscopy to evaluate the local accumulation of actin filaments. Macrophages adhered to silicone rubber sheets were rinsed with PBS, and they were fixed with 2% formaldehyde in PBS for 30 min, followed by rinsing with PBS. The cells were treated with 0.2% Triton X-100 in PBS for 0.5 min. Then, they were rinsed with PBS containing 1% bovine serum albumin (BSA) and stained with 300 nM rhodamine-phalloidin (Sigma, St. Louis, MO) in PBS containing 1% BSA for 20 min. They were finally rinsed with PBS. All the procedures were carried out at room temperature. Thus stained cells were observed with a confocal laser scanning microscope (FV-500, Olympus, Tokyo, Japan) with 20x or 100x oil-immersion objective lens. Images of the cells were recorded on a personal computer.
From single confocal images taken at cell bottom with 100x oil-immersion objective lens (NA = 1.35), fluorescence intensity of actin filaments was analyzed using Image-J software (NIH) and PowerBook G4 (Apple, CA) for not only spindle cells but also round cells. Mean fluorescence intensity F T was determined in whole cell area, and F S and F P , mean intensities near periphery of the cell in the direction of stretch and perpendicular to stretch, respectively, were determined within the square measurement areas of 4 µm x 4 µm at the positions indicated in Fig. 2 . Horizontal and vertical dashed lines shown in Fig. 2 are passing through around the center of the cell and the center of measurement areas; they were drawn where the overlapped length between the cell and the lines was longest. The corner(s) of each square was contact to the periphery of a cell. Note that F S and F P are not mean fluorescence intensity at the tips of elongated cells. Normalized fluorescence intensity (NFI) was defined as Eq. (2): 
Statistical analysis
All data were expressed as mean ± S.D.; sample number (n) corresponds to the number of animals. One-way analysis of variance (ANOVA) with Scheffe test for multiple comparisons was used to evaluate the effect of culture period (0 (control), 1, 2, 4, and 8 hours) under each culture condition. Paired t-test was used to evaluate locational difference in intracellular actin distribution. P values < 0.05 was considered to be statistically significant. Figure 3 shows examples of photomicrographs of macrophages cultured under strained or non-strained condition. At the beginning of culture (C group), round cells were dominant on the sheet; spindle cells were a few in numbers and slightly elongated with random orientation. The orientation of spindle cells in the non-strained group was still random at 8 hours. In the strained group, the spindle cells remained in random orientation until 2 hours, however, many spindle cells were preferably oriented parallel to the direction of stretch after 4 hours. Cells were stained using May Grünwald Giemsa method.
Results
Total numbers of attached cells within the three measurement area were not affected by culture period, application of cyclic strain, and reciprocation of silicone sheet (Fig. 4) . The numbers of cells were ranging from 292 ± 81 cells (C) to 347 ± 90 cells (S-2h). The percentage of spindle cells increased with culture period and it was significantly higher in all three groups at 8 hours than in control group (Fig. 5 ). There were no significant differences in it between strained and non-strained groups at each period and among the three groups at 8 hours.
Averaged adhesion area of cells in C, S-1h, S-2h, S-4h, and S-8h groups were 118, 119, 126, 129 and 132 µm 2 , respectively for round cells, and 193, 237, 232, 231, and 286 µm 2 ,
respectively for spindle cells. There were no significant differences in adhesion area between strained and non-strained groups at each period. The shape index of spindle cells was decreased with culture period and it was significantly smaller at 8 hours (0.38 ± 0.03) than control (0.53 ± 0.05) and at 1 hour (0.51 ± 0.06) (Fig. 6 ). In the non-strained group, the shape index had a tendency to decrease with time, although there were no significant differences. Culture condition did not affect the shape index. The distributions of the angle of orientation of spindle cells are shown in Fig. 7 and Fig.  8 . In the control, non-strained, and reciprocated groups, the orientation of the cells were random (Fig. 7) . In the strained group, although the distribution was random at 1 hour ( Fig.  8 (a) ), a tendency to align parallel to the direction of strain (0˚) was observed at 2 hours (Fig. 8 (b) ). At 4 and 8 hours, many cells were aligned parallel to the direction of strain and the differences in frequencies were statistically significant (ANOVA). The percentages of spindle cells having the angle of orientation within 0-20˚ were 45 ± 11% and 53 ± 15% for S-4h and S-8h, respectively. Actin filaments were mainly located at the peripheral regions of the macrophages both before and after exposed to cyclic strain (Fig. 9) . Unlike other types of cells such as endothelial cells and fibroblasts, thick actin filaments were not observed in the macrophages. At early stages of culture, accumulation of actins with punctate structures was observed around the origin of pseudopodia in slightly elongated cells (Fig. 10) . In the control group, there was no locational difference in normalized fluorescence intensity (NFI), however, NFI was significantly higher at the positions parallel to the direction of strain than at those perpendicular to the strain direction, indicating that actins tend to be accumulated in the regions parallel to the direction of strain (Fig. 11) .
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Discussion
In living tissues, cells are always subjected to mechanical stress, and change their morphology and function in response to mechanical stimuli. Therefore, it is very important to understand the response of cells to mechanical stress in detail. Morphological response of cells to cyclic mechanical strain has been studied on various types of cells. Most types of cells elongate and align away from the direction of strain, when they are cultured under cyclically strained condition (13) - (18) . The angle of cell orientation depends on the amplitude of cyclic strain. Dartsch et al. (14) reported that larger strain amplitude induced the alignment of smooth muscle cells at higher angle between the longitudinal cell axis and the direction of cyclic strain. A similar result was reported for other types of cells (17) . Buck (13) reported that fibroblasts subjected to cyclic strain aligned perpendicular to the direction of strain, and suggested that this phenomenon was avoidance reaction to stretching. Neidlinger-Wilke et al. (17) studied the relationship between orientation response of cells and axial strain of cyclically stretched substrate to which cells were attached, and found that cell alignment away from strain direction was primarily due to avoidance of change in cell length. In contrast to the response of other cell types, macrophages were aligned with the direction of strain in response to cyclic uniaxial stretching (Fig. 3, Fig. 8 ). This response of macrophages is consistent with previous observations for macrophages (10) and monocyte-like cell line, U937 cells (9) , (10) .
In the results obtained from cyclic stretching of cells attached to elastic membrane, there is a possibility of involving the effect of fluid shear stress. When endothelial cells are exposed to laminar flow, they elongate and align with the flow direction (20) , (21) . Moreover, endothelial cells align with the direction of flow when they are exposed to reciprocating flow (21) that induces similar shear condition during uniaxial cyclic stretching. Vascular smooth muscle cells subjected to laminar flow also aligned along the direction of flow (22) .
From these observations, it was possible that alignment of macrophages during cyclic strain application was due to the fluid shear stress caused by the relative movement of cells and culture medium. To assess the effect of fluid shear stress on the orientation of macrophages in our experimental condition, macrophages were cultured under reciprocating condition by the back-and-forth movement of the substrate in culture medium. The fluid shear stress acted on macrophages in this group was no more than 0.01 Pa during stretching at a rough estimate. Morphological change of macrophages into spindle cells was slightly suppressed by the reciprocation of the silicone sheets, although the difference was not significant (Fig.  5 ). This result suggests that fluid shear stress has some effect on the differentiation of macrophages. However, the orientation of spindle cells remained random in the reciprocated group (Fig. 7) . From these results, we can say that the alignment of macrophages with the direction of stretching is not induced by fluid shear stress in our experimental conditions. Matsumoto et al. (10) reported that rat peritoneal macrophages and U937 cells aligned with the direction of strain in response to cyclic uniaxial stretch (10%, 1 Hz) within 24 hours. Matheson et al. (9) also observed similar alignment of U937 cells in response to the application of cyclic strain (10%, 0.25 Hz) for 48 hours. However, the time at which macrophages start this orientation has not been studied. In the present study, the angle of orientation of macrophages was random at 1 hour, and they started to align parallel to the direction of strain after around 2 hours (Fig. 8) . Neidlinger-Wilke et al. (18) reported that orientation of fibroblasts away from the direction of cyclic strain (8%, 1 Hz) was started by 2-3 hours and almost completed by 24 hours. Hayakawa et al. (19) reported that A10 cells, a vascular smooth muscle cell line, oriented in the direction oblique to the direction of stretching in response to cyclic strain (20%, 1Hz), and they observed that a cell, which oriented in the direction of stretching, completed the reorientation perpendicular to the stretch direction 90 min after the initiation of stretching. Although the direction of orientation was in contrast with these cells, the response time lag in macrophages was similar to that in them.
It is known that alignment of actin filaments also affected by cyclic strain. For example, Dartsch et al. (14) observed a rearrangement of the intracellular actin filaments prior to the orientation of the cell body of smooth muscle cells. Neidlinger-Wilke et al. (17) reported that there was a specific threshold strain for each cell type, above which cells cannot tolerate the changes in their length, and found that fibroblasts were more responsive to strain than osteoblasts. They suggested that this difference is due to highly oriented and dense actin filaments in fibroblasts. Takemasa et al. (23) cultured endothelial cells applying uniaxial cyclic stretch of various amplitudes, and found that stress fibers took specific oblique positions depending upon strain amplitude, suggesting that rearrangement of stress fibers at specific angle occurred so as to minimize the mechanical stress applied to them during cyclic strain application. These observations indicate that stress fibers in connective tissue cells also respond to cyclic strain and they align away from the direction of strain. In contrast to the well-developed stress fibers in these types of cells, thick actin filaments were not observed in macrophages (Fig. 10) . This difference in the degree of development of actin bundles may be one of the causes of the difference in the orientational behavior between macrophages and other connective tissue cells. When attached cells are subjected to mechanical strain, mechanical stress applied to them should be much lower in macrophages than in other connective tissue cells, because thick actin bundles, namely stress fibers are major stress bearing structure in cells. Consequently, if the orientation responses of cells and stress fibers are avoidance reaction to mechanical stress, macrophages do not need to align in the direction away from strain direction. However, this cannot explain the reason why macrophages align with the direction of strain. Hayakawa et al. (19) found that inhibition of stretch-activated (SA) cation channels suppressed the orientation of A10 cells but not the orientation of stress fibers, suggesting that Ca 2+ influx via SA channels is involved in cell reorientation by cyclic stretching but rearrangement of stress fiber is independent of SA channels. To our knowledge, there is no report on the SA calcium channel in macrophages, but Martin et al. (24) reported that macrophages have a mechanosensitive K + channel which is opened by adhesion to substrate and stretching of cell membrane. They showed that blockers of this channel alter the organization of actin filaments and cell morphology. These reports suggest that the mechanosensitive ion channel is involved in the morphological change and orientational response of macrophages. Accumulation of actins was observed around the origin of pseudopodia in slightly elongated cells at early stages of culture (Fig. 10) . To evaluate the directional differences in the amount of actin filaments, fluorescence intensity was analyzed within the 4 µm x 4 µm measurement areas which were set at the peripheral region of cells in single images taken at cell bottom. Changes in the distribution of actin filaments associated with adhesion and movement of macrophages were considered to appear prominently near cell bottom, because cell adhesion occurs at cell bottom and lamellipodia and filopodia are formed in thin peripheral areas of cell. From this reason, images at cell bottom were regarded as suitable ones to detect the difference in relative amount of actin filaments among the regions within a cell. Although directional difference in normalized fluorescence intensity was not observed in the peripheral region of macrophages before the application of cyclic strain, fluorescence intensity was higher at the positions parallel to the strain direction after 1 hour of cyclic stretching (Fig. 11 ). This accumulation of actins was observed regardless of the direction of cell orientation at this time point. These results indicate that actins are accumulated in the regions parallel to the direction of strain prior to the alignment of macrophages, and suggest that macrophages actively align parallel to the direction of strain by extending their pseudopodia in the direction of strain. Although the mechanism of unique alignment of macrophages under cyclic strained condition is still unclear, macrophages may prefer to put themselves in stimulative environment because of their nature as migratory phagocytic cells.
In the present study, we found that the alignment of macrophages with the direction of strain is start around 2 hours after the initiation of cyclic strain, and that accumulation of actins occurs in the peripheral area of cells in the direction parallel to the strain direction prior to the orientation of cell bodies, suggesting that macrophages actively align with the direction of strain.
